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Mercury, cadmium and lead have no wel l  known b io log ica l  
funct ions in the animal body, are normally present only 
in minute quan t i t i es ,  and are described as u l t r a t r a c e  
elements (La l l  1989). Their t o x i c i t y  i s  due in part to 
t h e i r  competit ion with essent ia l  metals fo r  binding 
s i t e s  and also t h e i r  in ter ference with su l f hyd ry l  groups 
which are essent ia l  fo r  the normal  funct ion ing of 
enzymes and s t r uc tu ra l  prote ins.  Cadmium blocks 
su l f hyd ry l  groups in enzymes and competes fo r  s i t e s  with 
zinc and calcium. To a lesser extent ,  lead may replace 
calcium in structures and react with su l f hyd ry l  groups, 
whi le mercury has a high a f f i n i t y  fo r  su l f hyd ry l  groups 
and is  l i p i d  soluble in i t s  methylated form (da S i l va  
and Wil l iams 1991). 

The ch lo roa l ka l i  industry is  a major source of mercury 
p o l l u t i o n .  When f i s h  take up mercury, whether organic 
or inorganic, most of i t  accumulates in t issues in the 
organic form (WHO 1989). Minamata disease in humans was 
f i r s t  reported in 1956 due to consumption of  
contaminated f i s h  and s h e l l f i s h  from Minamata Bay 
(Mance 1987). The form of mercury responsible was found 
to be methylmercury, which being l i p i d  soluble is  much 
more t ox i c  than inorganic mercury. In a case of Minamata 
disease in Kumamoto, som~ po l lu ted f i s h  and s h e l l f i s h  
contained up to 20 ~g g - mercury based on wet weight 
(Kitamura et a l .  1976). This emphasizes the importance 
of monitoring and assessing the mercury content of  f i s h  
which are caught, or farmed, fo r  human consumption. 
Since many commercial animal feeds contain a fishmeal 
component, there is  a r i sk  of  contamination of farm 
animals intended for  human consumption. Since 
Oreochromis aureus (Stelndachner) i s  cul tured in  North 
and La t in  America (Coche 1982), and other regions, i t  
i s  a su i tab le  model to use for  studying the d i s t r i b u t i o n  
of mercury in d i f f e r e n t  t issues of food f i s h .  Tissues 
which have a high content of mercury w i l l  be most 
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dangerous from a t ox i co l og i ca l  po int  of  view and could 
be removed in order to reduce the heavy metal content of  
f iehmeal. T i l ap ias  have been used e f f e c t i v e l y  as 
const i tuents  of  pig food mither d i r e c t l y  or through f i s h  
s i lage  or fiehmeal (Balar in  and Hatton 1981). 
Laboratory studies o f  heavy metal p o l l u t i o n  of ten 
o v e r l o o k  t h e  e f f e c t s  o f  e x p o s u r e  t o  more t h a n  one  heavy  
metal at the same time. In episodes of  environmental 
p o l l u t i o n ,  i t  ie o f ten the case that  heavy metals occur 
in combination. In Jakarta Bay, high leve ls  of  cadmium 
were found togmther wi th mercury (Hutagalung 1989). For 
t h e s e  r e a s o n s ,  t h e  p r e s e n t  s t u d y  i n v e s t i g a t e s  t h e  
e f f e c t s  of exposure to combinations of  mercury wi th 
cadmium or lead on t issue accumulation of  mercury. 

MATERIALS AND METHODS 

Oreochromis aureus were bred in the Department of  
Zoology, National Un ivers i t y  of  Singapore, and the f r y  
were transfmrrmd to 120-L glass aquaria at a f i n a l  
stocking densi ty of  300 f r y  per tank. The f r y  were 
observed, to ensure that  they were d isease- f ree,  u n t i l  
they had a t ta ined an ago of  6 w k e .  The use of 
a n t i b i o t i c s  and other drugs was avoided as these can 
in f luence q u a n t i t a t i v e  as well  as q u a l i t a t i v e  
c h a r a c t e r i s t i c s  of  heavy metal d i s t r i b u t i o n .  At the end 
o f  the 6-wk observat ion period the f r y  wore measured fo r  
t o t a l  length, weighed and randomly assigned to p l a s t i c  
aquaria, each containing 25 L of  tap water, at a 
density of  10 f i s h  per tank. Ranges were 0.106-0.541 g 
fo r  body weight and 20-33 mm fo r  t o ta l  length. 

Each 25-L p l a s t i c  aquarium was regarded as an 
experimental u n i t  (n), defined as the un i t  of  material  
to which an app l i ca t i on  of  treatment is  appl ied (Steel 
and Tor r ie  1960). Therefore only one of  the surv iv ing 
f i s h  from each aquarium was selected fo r  mercury 
analys is  o f  t issues a f t e r  the 45-day exposure period. 
E i ther  10 or 12 aquaria were uaod fo r  each exposure 
concentrat ion.  This gave a maximum number of  10 or 12 
f i s h  analyzed per treatment. In some treatments an 
add i t iona l  f i s h  from each aquarium was selected fo r  
analys is  of whole body mercury content. A l l  chemicals 
were o f  ana l y t i ca l  grads, purchased from Merc~ 
(Darmstadt, Germany). Stock so lu t ions  of 1 g L -~ 
cadmium, lead and mercury were prepared in double 
d i s t i l l e d  water from cadmium ch lor ide ,  lead ( I I )  
ch lo r ide  and mercury ( I I )  ch lo r ide .  These were used to 
obta in the designated concentrat ions in each aquarium, 
wi th the exception of the cont ro ls .  Nominal exposure 
concentrat ions fo r  mercury alone were 0.05, 0.1 and 0.2 
mg,L -~. The f r y  were also exposed t 9 mixtures of  0.05 mg 
L -~ mercury wi th 0.05 ?r 0.5 mg L -~ load, 0.07 mg L -~ 
mercury wi th 0;05 mg L -~ cadmium and 0.1 mg L -~ mercury 
with 0.1 mg L -~ cadmium. The f r y  were fed a__dd l ib i tum on 
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a commercial p e l l e t  food and aquaria were examined 
several times a day fo r  dead f i s h .  Every 48 hr, 10 L o4 
water were siphoned from each tank and th i s  oppor tuni ty  
was taken to remove feces and uneaten food. 
Subsequently, 10 L of  tap water containing the 
designated concentrat ion o f  heavy metal were added to 
each tank. Control tanks received 10 L of  water wi thout 
heavy metals. The present system r e f l e c t s  the s i t u a t i o n  
which might occur in environmental p o l l u t i o n  inc idents  
where the release of po l l u tan ts  in to  the water is  
episodic,  ra ther  than continuous. A f te r  45 days' 
exposure, the f i s h  were s a c r i f i c e d  by decapi ta t ion.  
Tissues were dissected from the f i s h  as described 
prev iously  (Al len e t a l .  1988). L iver  (hepatopancream), 
brain, g i l l  f i laments,  i n t e s t i n e  and a block o f  muscle 
from the caudal peduncle were used. Tissues were 
digested using the wet ox ida t ion  method described by 
@ergmly e t a l .  (1977), except tha t  concentrated n i t r i c  
acid was used instead of  concentrated su lphur lc  acid. 
Samples of f i s h  l i v e r ,  spiked with known quan t i t i es  of 
mercury as mercury ( I I )  ch lo r ide  or methyl mercuric 
ch lo r ide ,  were run through the e n t i r e  procedure to 
ascer ta in  the percentage recovery of  inorganic or 
organic mercury, respec t i ve ly .  The median recovery of  
methyl mercuric ch lo r ide ,  added to give a f i n a l  
concentrat ion o4 10 ~g, was 89.9 % (n = 10). Mercury 
( I f )  ch lo r ide ,  added to give a f i n a l  mercury 
concentrat ion of 10 ug, gave a median recovery o4 9 7 . 1 X  
(n = 10). The samples were analyzed fo r  t o ta l  (organic 
+ inorganic) mercury content using a Perkin-Elmer (Model 
MAS 5 0 B ,  USA) mercury analyzer system, based on the 
method of Hatch and Ott (1968) as employed by Bergely 
et  a l .  (1977). Mercury content of  a c i d i f i e d  water 
samples, co l lec ted  regu la r l y  from the experimental 
tanks, was measured. Lead content of  the water was 
measured using a Hitachi  Polarieed Zeeman Graphite 
Atomic Absorption Spectrophotometer (Japan), whi le 
cadmium was determined by the technique of I nduc t i ve l y -  
Coupled Plasma Atomic Emission Spectrometry (ICP-AES) 
using a Plasmascan 710 with a Labtam 3000  computer 
(Labtam In te rna t iona l  Pte. L td . ,  Melbourne, Aus t r a l i a ) .  
Calcium and magnesium in the tap water were determined 
by ICP-AES. The ranges wTre 9.10-11.83 mg L -1 fo r  
calcium and 0.83-1.00 mg L- fo r  magnesium. Other water 
condi t ions were as fg l lows;  pH = 5.95-6.5,  dissolved 
oxygen = 7.7-8.1 mg L -~ and temperature = 25-29~ Water 
hardness was in the range 26.14-33.65 mg L -1. 

Raw data were tested fo r  normali ty with the B - s t a t i s t i c  
and homogeneity of  variance using B a r t l e t t ' s  test, as 
described in Zar (1984). As the data did not mee t  the 
requirements of  normali ty spec i f i ed  fo r  the use of  
parametric m ta t i s t i ca l  tes ts ,  nonparametric s t a t i s t i c a l  
procedures were used. For comparisons between one tes t  
group and one control  group, the Mann-Whitney Test 
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( two- ta i led;  ~ = 0.05) (Zar 1984) was employed to tes t  
equal i ty  of medians. 8 im l l a r l y ,  ~ o r  comparisons 
involv ing 3 or more independent groups, the Kruskal- 
Wall is One-Way Analysis of Variance (Zar 1984) was 
used with the appropriate nonparametric mul t ip le  
comparison tests  (Zar 1984; Equations 12.27 and 12.28). 

RESULTS AND DISCUSSION 

Ranges of cadmivm in the water were  0.093-0.102 and 
0.045-0.052 mg L-"  for  nominal concentrations of 0.1 and 
0.05 mg L -1 cadmium. Ranges of lead in the water were 
0.297-0.495 and 0.040-0.049 mg ~-I  for  nominal 
concentrations of 0.5 and 0.05 mg L -~ lead. Ranges of 
mercury in the water were 0.188-0.197, 0.067-0.095 and 
0.036-0.046 mg L- for  nominal concentrations of 0.2, 
0.1 and 0.05 mg L - I  mercury. Lead and mercury were not 
detected in the control aquaria, while cadmium was 0.001 
mg L-"  or lower. 

Exposure to 0.05, 0.1 and 0.2 mg L -1 of mercury alone 
caused s i gn i f i can t  (P < 0.05) increases in the mercury 
content of a l l  t issues analyzed. With 0.05 mg L-"  
mercury (Table I ) ,  l i v e r ,  brain and g i l l  f i laments 
contained s i g n i f i c a n t l y  higher concentrations of mercury 
than caudal muscle. 

Table 1. Effects of 45 days exposure to Hg (0.05 mg L -1, 
0.1 mg L - ' )  on t issue Hg levels in 0__~. aureu~. 

Tissue Control Hg = 0.05 Control Hg = 0.1 

Liver 

Brain 

G i l l  
f i laments 
In test ine 

Caudal 
muscle 

0.04(12) 43.97~ (IO)A 
0.00-0.28 4.45-85.92 
0.10(12) 17.35~ (IO)A 
0 . 00-0.34 9.06-27.96 
0.01(12) 30.04~ (IO)A 
0.00-0.45 14.18-37.47 
0.03(12) 9.86~ (IO)AB 
0.01-0.11 6.04-22.78 
0.01(12) 3.695(!0)B 
0.00-0.06 1.73-7.60 

0.16(10) 7.23~ (IO)B 
0.00-0.27 4.73-15.23 
0.39(10) 8.30$ (IO)B 
0.00-1.44 6.36-15.52 
0.10(10) 19.585 (IO)A 
0.00-0.42 12.33-30.57 
0.08(10)_ 9.915 (IO)AB 
0.00-0.92 4.93-20.86 

N.D. N.D. 

denotes s i gn i f i can t  difference from the respective 
control group (~ = 0.05). N.D. = Not Determined. 
Numerators denote the median, denominators the range. 
Values in parentheses represent the sample size (n). 
Medians with the same l e t t e r s  wi th in  the same column are 
not s i g n i f i c a n t l y  d i f f e ren t  (~ = 0.~5). 
Units for  medians are ~g mercury g-" t issue fresh weight 

Exposure to 0.1 mg L -1 mercury (Table 1) resulted in 
the g i l l  f i laments accumulating a s i g n i f i c a n t l y  higher 
mercury concentration than the brain and l i v e r .  

687 



I n t e r a c t i o n s  between mercury and cadmium o r  lead on 
t i ssue  mercury accumulation are shown in Table 2. 
Treated f i s h  were found to have s i g n i f i c a n t l y  e leva ted  
concent ra t ions  o f  mercury in a l l  o f  the t i ssues ,  w i th  
the except ion  o f  caudal muscle from f~eh t r ea ted  wi th  
mercury and cadmium (0.05 + 0.05 mg L -~) which h~d a low 
median mercury concen t ra t ion  (0.52 ~g Hg g- ~resh 
we igh t ) .  I o t e r a c t i o n  between mercury and cadmium (0.05 + 
0.05 mg L - i )  gave s i g n i f i c a n t l y  lower concent ra t ions  o f  
mercury in caudal muscle than in the g i l l  ~ i lamente and 
~ l i v e r .  I n t e r a c t i o n  between mercury and lead (0.05 mg 

+ 0.5 mg L -~) r esu l t ed  in a s i g n i f i c a n t l y  h igher 
leve l  o f  mercury in the g i l l  f i l amen ts  than in the 
i n t e s t i n e  or caudal muscle. The in te rac t~gn  between 
mercury at  0.05 mg L -1 and lead at 0.05 mg L ~ (Table 2) 
r e s u l t e d  in s l g n i f l c a n t l y  less mercury accumulat ion in 
caudal muscle than l i v e r ,  bra in  and g i l l  f i l amen ts .  

Table 7" E f f e c t s  o~145 days exposure to Hg wi th  ~d (0.05 
mg L-~ + O.05mg L- ) and Hg w i th iPb  (0.05 mg L- + 0.5 
mg L -~, 0.05 mg L -1 + 0.05 mg L- ) on t i s sue  Hg l eve l s  
in 0. aureus. 

Control  Hg = 0.05 Hg = 0.05 Control  Hg = 0.05 
Cd = 0.05 Pb = 0.5 Pb = 0.05 

0.10(12) 13.07~(10)A 4.60~(12)AB 0.04(12) 13.21~(10)AB 
10.02-0.18 1.73-35.27 1.75-19.29 0.00-0.28 4.38-28.37 

0.26(12) 8.35~(9)AB 4.51~(12)AB 0.10(12) 14.69~(10)AB 
20.00-0.39 1.19-22.03 1.44-24.87 0.00-0.34 8.67-28.01 

0.05(12) 10.64~(I0)A 14.81~(12)A 0.01(12) 30.94~(9)A 
30.00-0.15 3.23-27.59 5.90-26.47 0.00-0.45 13.41-43.20 

0.05(12) 5.41~(11)AB 2.74~(12)B 0.03(12) 7.555(I0)BC 
40.00-0.17 1.20-19.80 0.53-8.95 0.01-0.11 4.72-11.64 

0.05(8) O.b2 (5)B 3.73~ (8)B 0.01(12) 3.49~ (10)C 
50.00-0.15 0 .30-3 .35 0.73-5.51 0 .00-0 .06 1.50-4.32 

1 = l i v e r ,  2 = bra in ,  3 = g i l l  f i l amen ts ,  4 = i n t e s t i n e ,  
5 = caudal muscle. For legend see Table 1. 

Exposure to 0.1 mg L -1 mercury w i th  0. I mg L -1 cadmium 
(Table 3) r e s u l t e d  in s i g n i f i c a n t l y  e leva ted  mercury 
l e v e l s  in the l i v e r ,  bra in ,  g i l l  f i l amen ts  and 
i n t e s t i n e .  Due to the high m o r t a l i t y  o f  the t r ea ted  
f i s h  only 4 specimens were a v a i l a b l e  fo r  ana lys is .  No 
s i g n i f i c a n t  d i f f e r e n c e  in mercury concen t ra t ion  was 
found between l i v e r ,  b ra in ,  i ~ t e s t i n s  and g i l l  
f i l amen ts .  Exposure to 0.2 mg L- mercury (Table 3) 
r e s u l t e d  in  the l i v e r  accumulating a s i g n i f i c a n t l y  
h igher concen t ra t ion  o f  mercury than the i n t e s t i n e .  

Whole-~ody mercury concent ra t ions  f o r  exposure to 0.05 
mg L -~ mercury, 0.1 mg L -~ mercury a n d  mixtures o f  
mercury and cadmium (0.95 + 0.05 mg L - i )  and mercury and 
lead (0.05 + 0.05 mg L -~) are given in Table 4. Exposure 
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to both concentrat ions of  mercury and the mercury/lead 
mixture resu l ted  in carcase mercury leve ls  which were 
s i g n i f i c a n t l y  higher than the contro l  leve ls .  There was 
no s i g n i f i c a n t  d i f fe rence  in the mercury concentrat ions 
of the 4 treatment groups. 

Table 3. E f fec ts  of  45 day~ exposure to Hg (0.2 mg L -1) 
and Hg with Cd (0.1 mg L- "  + 0.1 mg L -~) on t issue Hg 
leve ls  in 0. aureus. 

Tissue Control Hg = 0.2 Control Hg = 0.1 
Cd = 0.1 

L iver  

Brain 

G i l l  
f i laments 
In tes t i ne  

Caudal 
muscle 

0.10(12) 37.34g (12)A 
0.00-0.18 10.42-948.25 
0.26(12) 20.58g (12)AB 
0.00-0.74 11.65-100.24 
_0.06(12) 25.96$ (12)A~ 
0.00-0.42 0.72-77.24 
0.04(12) 12.87, (12) B 
0.00-0.17 5.71-37.96 
0.04(4) 19.03~ (4)AB 
0.00-0.06 16.07-22.55 

0.16(8) 50.66, (4)A 
0.00-0.27 14.07-119.0 
0.34(8) 10.45$ (4)A 
0.00-0.75 b. 37-20.31 
0.11(8) 22.61,(4)0 
0.00-0.42 12.55-30.57 
0.08(8) 18.56* (4)A 
0.00-0.92 12.81-29.61 

N.D. N.D. 

For legend see Table 1. 

Table 4. E f fec ts  of  45 days exposure to Hg and mixtures 
of  Hg + Cd and Hg + Pb on mercury leve ls  in whole f i sh .  

Control HO = 0.05 Hg = 0.1 Hg = 0.05 Hg = 0.05 
Cd = 0.05 Pb = 0.05 

O.OO(20)B 7.32(b)A 16.88(b)A b.38(4)AB 10.62(6)A 
0.00-0.02 5.56-9.96 12.84-24.23 3.44-11.90 3.49-15.37 

For legend see Table 1. 

Edible parts of whole f i s h ,  and f i s h  products, Intended 
fo r  human consumption should not exceed 1 ~g g- f resh 
weight of  mercury according to the recommendations of 
the West  German Federal Health Agency (Ewers 1991). 
So~e countr ies al low a to lerance level  of  only 0.5 ag Hg 
g-~ (Gergely e t a l .  1977; Tracey 1993). In the present 
study whole-body mercury concentrat ions were much higher 
than these recommendations al low fo r  whole f i s h .  Control 
f i s h  were la rge ly  f ree  from heavy metal contamination, 
the only source being the f i s h  food used in the present 
study. Fimrei te and Reynolds (1973) quote whole-body 
mercury concentrat ions in f resh f i s h  from the 
Wabigo~n-English River 8yet?m as fo l lows:  Burbot = 24.8 
ug g- ; pike = 27.8 ug g - ' ;  walleyes = 19.6 ~g g-1. 
These values are higher than those obtained in the 
present study a f t e r  45 days exposure to mercury (Table 
4). In the present study, exposure to mercury 
deposited most mercury in the g i l l s  at 0.1 mg L -1 and in 
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the l i v e r  at 0"2L~t 1 0.05 mg L -1 mercury. I n te rac t i on  
between 0.1 mg cadmium and 0.1 mg L - I  mercury 
produced a more equal d i s t r i b u t i o n  of mercury in th 
t issues analyzed. In te rac t i on  between 0.05 mg L -~ 
cadmium and 0.05 mg L ~ mercury did not change the 
accumulation p r o f i l e  of  mercury in the t issues.  However, 
mercury concentrat ions were higher in a l l  organs 
measured a f t e r  exposure to 0.05 mg LT 1 mercury alone 
compared with exposure to 0.05 mg L - i  mercury in the 
presence of  0.05 mg L- cadmium. I t  would be tempting to 
assume that  competit ion between cadmium and mercury fo r  
binding s i t es  w i th in  organs was responsible fo r  the 
apparent reduct ion of  mgrcury accumulation in the f i s h  
exposed to 0.05 mg L- "  mercury in the presence of 
cadmium. However, the t rue mechanism m~y be much more 
complex because exposure to 0.1 mg L -~ mercury alone 
resu l ted in lower t i ssue ~ccumulatlons of mercury than 
exposure to 0.05 mg L-"  mercury alone, presumably 
because of higher mor ta l i t y  in the 0.1 mg L -1 mercury- 
t reated group in which f i s h  with higher body burdens of 
mercury would have died. Furthermore, exposure to 0.1 mg 
L- mercury wi th 0. I mg L - I  cadmium resuted in higher 
concentrat ions of mercury in the l i v e r ,  brain, g i l l  
f i laments _~nd i n t e s t i n e  in comparison with exposure to 
0.1 mg L ~ cadmium alone. Lead, when present with 
mercury, exerted a s im i la r  reduct ive e f f e c t  LO 0 ~ the 
accumulation of mercury. I n te rac t i on  of  0.05 mg lead 
with 0.05 mg L -1 mercury reduced the mercury content of  
the l i v e r ,  brain and i n tge t i ne  when compared with 
exposure to 0.05 mg L -~ alone. WhTn the lead 
concentrat ion was increased to 0.5 mg L- , the mercury 
content of  a l l  the t issues,  wi th the exception of 
caudal muscle, was reduced to an even greater ex tent .  
The nominal exposure concentrat ions used in the present 
study are s im i la r  in magnitude to those reported in 
environmental s i t ua t i ons .  Hutagalung (1989) reported 
mercury concentrat ions up to 0.035 ~g L-" and cadmium 
concentrat ions as high as 0.45 mg L -~ in Onrust Waters, 
Jakart~ Bay. Total lead concentrat ions as high as 0.529 
mg L -~ were reported from the Rother r i v e r  in Canklow, 
U.K. (Manes st  e l .  1984). 

Trends occurr ing in metal i n te rac t i ons  requi re f u r t he r  
i nves t i ga t i on  as data fo r  cadmium, mercury and lead 
in te rac t i ons  and t h e i r  accumulation h a v e  not been 
presented fo r  long periods of exposure (Sorensen 
1991). In the present study the absolute metal 
concentrat ion of  t issues is important because of i t s  
con t r i bu t i on  to animal and human heavy metal burdens. 
While many metal mixtures may have an add i t i ve  e f f e c t  on 
t o x i c i t y  in acutely t ox i c  concentrat ions, there is no 
i nd i ca t i on  of  t h i s  occurr ing at low concentrat ions over 
long periods (Mance 1987). Since muscle is the most 
commonly consumed por t ion  of the f i s h  and cont r ibutes 
most to the mass of  the f i s h ,  i t  is  the muscle 
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concentration of heavy metals which has received most 
a t tent ion.  Fishes are purported to accumulate very 
l i t t l e  lead and cadmium in the muscle compared with 
mercury (Ph i l l i p s  and Russo 1978). Under a l l  exposure 
condit ions caudal muscle accumulated less mercury than 
other tissues except for exposure to 0.2 mg L-" mercury I 
the highest mercury ~oncentration used. However, 
exposure to 0.05 mg L-"  cadmium with 0.05 mg L -1 was 
shown to reduce caudal muscle mercury content below the 
1 ug g -1 level .  Under these condit ions a s l i g h t  
reduction in whole body mercury content was also 
observed. The accumulation of mercury was p a r t i c u l a r l y  
high in the l i v e r  and g i l l  f i laments under a l l  exposure 
condit ions used in the present study. Removal of these 
t issues during processing could reduce the mercury 
burden in f i sh  and f i sh  products. 
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